Abstract-The advances in information technology have facilitated great progress in healthcare technologies in various domains. However, these new technologies have also made healthcare data not only much larger in size but also substantially more difficult to handle and process. Moreover, because the data are created from a variety of devices within a short time span, these data are stored in different formats and created quickly, which can to a large extent be regarded as a big data problem. This paper discusses how to develop intelligent patientcentric healthcare applications and services from the perspectives of mobile computing and big data analytics technologies. This healthcare system consists of a data collection layer with a unified standard, a data management layer for distributed storage and parallel computing, and a data-oriented service layer. Furthermore, various healthcare applications are discussed to show that mobile computing and big data technologies enhance the performance of the system toward improving a humans wellbeing.
I. INTRODUCTION
I N the past two decades, information technology has been widely used in medicine [1] . Electronic Health Records (EHR), biomedical databases, and public health data have improved not only the availability and traceability but also the liquidity of data [2] . Because the size of healthcare data is consistently increasingly rapidly, the following challenges for data management, storage and processing must be met:
• Large Scale: With the improvement of medical informationization, especially the development of Hospital Information Systems (HISs), the volume of medical data has been increasing [3] . In addition, the promotion of wearable health devices accelerates the explosion of generated healthcare data.
• Rapid Generation: Most medical equipment, especially wearable devices, continuously collect data. This rapidly generated data need to be processed promptly for responding to emergencies immediately [4] . • Various Structure: Clinical examination, treatment, monitoring and other healthcare devices generate complex and diverse data, including text, image, audio, and video, which are structured, semi-structured and nonstructured data [5] . In addition, medical institutions and healthcare device providers generally use different data standards.
Fortunately, with the assistance of cloud computing and big data, healthcare data including huge files, complex structures, and different features can be managed efficiently [7] . In [8] , Lin et al. proposed a NoSQL-based approach for the rapid processing, storage, indexing and analysis of healthcare data based on the limitations of rational databases. In [9] , Nie et al. designed a multilingual health search engine to return one multi-faceted answer that is well-structured and precisely extracted from multiple heterogeneous healthcare sources. In [10] , Takeuchi et al. presented a Personal Dynamic Health System (PDHS) based on cloud computing and big data to store daily healthcare-related information collected by mobile devices. In addition, they also propose a health-data-mining algorithm to mine the correlation between health conditions and lifestyle.
Although great innovation is occurring in the healthcare field, certain issues need to be addressed, especially the fusion of heterogeneous data and open platforms for data access and analysis [11] , [12] , [13] . For example, although many studies focus on the interconnection between Body Area Networks (BANs) [14] and the cooperation between BAN and medical institutions [15] , multi-source heterogeneous data fusion and management are difficult without unified standards and systems, which causes healthcare data stored on the physical layer to remain logically separated.
Most studies focus on data analysis or data mining for healthcare data [6] , [8] on technical details in deploying and implementing cloud computing [16] , [17] ; however, the biggest challenge is in building a comprehensive healthcare system for multi-source heterogeneous healthcare data with particular technical features. Thus, we propose Intelligent Healthcare Systems Assisted by Data Analytics and Mobile Computing, and we make the following contributions: 1) We propose a unified data collection layer for the integration of public medical resources and personal health devices. 2) We establish a cloud-enabled and data-driven platform for multisource heterogeneous healthcare data storage and analysis. 3) We design a healthcare application service cloud that provides unified Application Programming Interface (API) for developers and a unified interface for users. 
II. INTELLIGENT HEALTHCARE SYSTEM ARCHITECTURE

A. Design Issues
With the increasing cost of healthcare services and medical insurance, people need more aggressive health and wellness monitoring. In the medical industry, big data and cloud computing are gradually becoming trends for medical innovation. As a result, the medical industry is experiencing an increase in the amount of data generated in terms of complexity, diversity and timeliness; the industry increasingly relies on the collection and analysis of data. Therefore, to make better decisions, we need to collect data and conduct effective analysis. The cloud is a good choice for on-demand services for storing, processing and analyzing data. Medical data released and shared through the cloud are very popular in practice, and information and knowledge bases can be enriched and shared through the cloud.
The revolution presented by the cloud and big data can have a huge impact on the healthcare industry, and a new healthcare system is evolving. Fig. 1 shows an expanded healthcare system that includes traditional roles (such as patients and healthcare providers) and other, new members. This is why we need to design a more appropriate healthcare system to meet the challenges presented by this revolution.
• The diversity of data sources requires a uniform standard of heterogeneous data management. On the one hand, due to the diversification of medical equipment, the data formats and the amount of data generated by various devices may be quite different, which requires that the system support data access by various medical devices to ensure high scalability and satisfy actual medical needs. On the other hand, the system needs to convert the received data into a unified standard to improve the efficiency of data storage, query, retrieval, processing and analysis.
• The diversity of data content requires a unified programming interface for multiple data analysis modules. Analytical techniques have also been extended to require complex analysis for accommodating the four characteristics (4Vs) of big data in the medical field due to inconsistencies in the sources, structures, functional scenarios, and nature of health data: Volume, Velocity, Veracity and Variety [18] . Gone are the days of collecting data on electronic health records and other structured formats. Diversified medical data, including structured, semi-structured and other unstructured data, represent one aspect making medical data both interesting and challenging. Based on different data structures, the system can efficiently deploy and analyze data online or offline, such as via stream processing, batch processing, iterative processing and interactive query, therein reducing system complexity and improving development and access efficiency.
• The diversity of service objects requires a uniform standard service platform interface. Medical data that have previously been processed also have different data contents, data formats, data amounts etc. with respect to different service targets, that is, the system can provide different applications and services with respect to the different roles of the service object. To provide reliable medical services, resource optimization, technical support and data sharing are crucial to a system's application service platform.
B. Cloud-and Big-Data-Assisted Architecture
Fig . 2 shows the architecture of intelligent healthcare systems assisted by data analytics and mobile computing, including the data acquisition layer, data management and application service layer. Architecture of intelligent healthcare systems assisted by data analytics and mobile computing
• Data Acquisition Layer: The main function of this layer is to collect user medical data and provide standardized data for a unified standard of multivariate data management through adapter preprocessing. This section consists of a variety of data nodes and adapters, primarily from hospitals (hospital information systems and electronic medical records), the Internet (social networking services and real-time communication), and user-generated content (terminal equipment and wearable equipment). Adapters can pre-process and encrypt raw data from various devices to ensure the security and availability of data transmitted at the data management layer.
• Data Management Layer: To support the efficient management and analysis of medical data, this layer consists of a Distributed File Storage (DFS) and Distributed Parallel Computing (DPC). DFS provides highly efficient data storage, high-throughput data upload and download, fast data retrieval and exchange capabilities for heterogeneous medical data to improve system performance; the DPC module analyzes and processes data from the DFC module for big data. The scale of unstructured data provides off-line calculations and provides the appropriate processing and analysis methods based on the timeliness of the data and the priorities of the tasks.
• Application Service Layer: This layer consists of three parts, the user interface, API and data access, which provides users with basic visual data analysis results. Through the data access module, following the data management layer analysis of the data, application developers can use API scheduling through the user interface to provide rich, professional and personalized medical services.
III. DATA COLLECTION LAYER At one end, mHealth is a physician, and at the other end, it is a user with demands. The middle consists o a service provider that bridges the two ends with a variety of technologies and tools, including mobile network operators, mobile network technologies and equipment providers, mobile terminal manufacturers, IT companies (including software and hardware suppliers and system integrators), financial investors, insurance companies, public health medical institutions, banks and payment companies, private healthcare institutions, pharmaceutical companies, healthcare providers, research centers, government and non-governmental organizations and solution providers and more.
Data have become a particularly important aspect of mobile health. Data collection requires both the collection of devices (cell phones, computers and portable devices) as well as software for gathering information. The data mainly concern the visualization of static text but can also be extended to interactive decision support algorithms, other visual image information, and communication via email and SMS integration. The consolidation of the use of geo-mapping components using GIS and GPS Mobile technologies is used to "tag" voice and data traffic to specific locations or to a range of locations. These combined capabilities have been used for emergency health services as well as disease surveillance, the mapping of health facilities and services, and other health-related data collection processes.
Usually, medical data classification can be divided into two aspects. One aspect is the class of data for the hospital in the operation, and the operation will produce a series of data. The other aspect is "clinical" data, which is unique to the healthcare industry. The same classification can be performed for personal, institutional, government and healthcare information. The development of mobile healthcare has gradually transformed the main providers of medical data from hospitals to intermediaries or the government to make the data as public as possible without infringing upon the privacy of others. As shown in Fig. 3 , the data collection layer consists of data nodes and adapters.
IV. DATA MANAGEMENT LAYER
As shown in Fig. 4 , this layer consists of a Distributed File Storage (DFS) module and a Distributed Parallel Computing (DPC) module. Using big-data-related technologies, DFS will improve system performance by providing efficient data storage and I/O for heterogeneous medical data. Based on the timeliness of the medical data and the priority of the task, DPC provides the appropriate treatment and analysis.
A. Distributed File Storage Module
Distributed storage systems use multiple servers to synergistically store data. Traditional network storage systems use a centralized storage server to store all the data. The storage server becomes the bottleneck for system performance and is the focus of reliability and security; traditional servers cannot meet the needs of large-scale storage applications. Distributed network storage systems adopt a scalable system architecture that utilizes multiple storage servers to share the storage load and uses the location server to locate and store information. This not only improves system reliability, availability and access efficiency but also is easily expandable.
The distributed storage architecture consists of three parts: the client, the metadata server, and the data server. The client is responsible for sending read and write requests, cache file metadata and file data. The metadata server is responsible for managing the metadata and processing client requests and is the core component of the entire system. The data server is responsible for storing the file data to ensure the availability and integrity and the data. The benefits of this architecture are that both performance and capacity can be expanded simultaneously, and the system is highly scalable.
Distributed storage is facing more complicated data needs, which can be divided into three categories:
Unstructured data: Unstructured data include all formats of office documents, text, images, audio and video information.
Structured data: Structured data are stored in data relational libraries; one can use two-dimensional relational table structure representations. The structured data schema (Schema, including attributes, data types and the links among data) and the content is separate, and the data model needs to be predefined.
Semi-structured data: Between unstructured data and structured data, HTML documents belong to the semistructured data category. Such data are generally selfdescribing, and the biggest difference from structured data is that the schema structure and content of semi-structured data are mixed, with no obvious distinction and no schema structure that pre-defines the data.
The main challenge facing large-scale healthcare data is how to create an efficient, mass data distributed storage mechanism and how to support efficient data processing and analysis.
For large-scale medical data, traditional relational databases obviously cannot meet big data challenges. NoSQL database [19] has a flexible model that supports easy-to-use replication, simple APIs, eventual consistency, and support for large amounts of data. This section describes the three main NoSQL databases, each based on a specific data model.
B. Distributed Parallel Computing Module
Distributed computing is a new method of computation. Socalled distributed computing is whereby two or more software programs can share information with each other; the software can run on the same computer or on multiple computers connected to a network. This method can reduce the overall calculation time and greatly improve the computational efficiency.
The distributed parallel computing module [20] analyzes and processes data from DFS and eventually discovers the information. DPC provides off-line computing for a large amount of unstructured data, supports real-time data analysis and querying, and integrates various data mining and machine learning algorithms. DPC supports both real-time analysis and offline analysis.
Real-time analysis [20] . In the context of intensive care, emergency disease detection or vital sign monitoring, changing data reflect personal health statuses in real time. Therefore, these data need to be promptly processed, and the results of the analysis are expected to be quickly responded to in case of emergencies. Through a memory analysis framework, heart rate, blood pressure and other related data as well as other important data are recorded to improve the efficiency of the analysis.
Offline analysis [20] . In situations where there are no strong response time requirements (e.g., health assessments, medical recommendations, and health planning), common off-line analysis methods in DPC, including machine learning, statistical analysis and recommendation algorithms, can be used to provide individuals with a potential health risk assessment, efficacy analysis, health guidance etc.
V. SERVICE LAYER
A. Main Function of Service Layer
The system is expected to provide a variety of applications and services for different roles (hospitals, patients, wearable device manufacturers, research institutes, pharmaceutical manufacturers, etc.) As shown Fig. 5 , the main function of the service layer has the following three points:
• User Interface: The user interface provides a unified interface for the user, which makes the interaction and exchange of information between the user and system convenient and provides rich, professional, and personalized medical services.
• API: The API provides a unified application programming interface for developers, which makes programming easy for developers.
• Data Access: Medical data not only come from multiple sources, such as hospitals, research institutes, pharmaceutical companies, and patients, but also have different structures, i.e., being structured, semi-structured or unstructured. Data access provides a unified data access interface for these multi-source heterogeneous data.
B. Framework of Service Layer
As shown in Fig. 6 , the service layer framework consists of three parts, namely, the operating platform, the management platform and the development platform.
The operating platform is the foundation of the service layer, providing the essential resources for running healthcare applications, i.e., hardware, software and data. Hardware can include memory, software can include application software and operating systems, and data can include personal health data, clinical test data, and data on the efficacy of medicine.
The management platform is responsible for managing various applications in the system, including configuration management, deployment management, optimization management, monitoring management, visualization management and privilege management.
The development platform is responsible for providing a unified API, data access and a testing platform for developers.
Unified API: To reduce the complexity of the system, improve efficiency and allow developers to more easily Data access: Data are an essential factor in an application. Data access is a process during which developers are allowed to link to the data source through the application to access the data and process the data after returning to the application.
Testing platform: The testing platform is a platform for developers to evaluate the quality of application products and detect weaknesses in the application.
VI. CONCLUSION
With the development of data analytics and mobile computing, healthcare systems are able to provide more intelligent and convenient applications and services. Moreover, assisted by machine learning, data mining, artificial intelligence, and other advanced techniques, healthcare systems could also play an important role as a guide of healthy lifestyles, as a tool to support decision making, and as a source of innovation in the evolving healthcare ecosystem. This paper presents the intelligent healthcare systems assisted by data analytics and mobile computing, therein consisting of the data collection layer, the data management layer, and the service layer. This paper also introduces some representative applications based on the proposed scheme, which have been proved or demonstrated to be able to provide more intelligent, professional and personalized healthcare services.
Although this paper presents a comprehensive system design for intelligent healthcare systems assisted by data analytics and mobile computing, more advanced techniques should be included in our future work, such as cognitive computing, deep learning, and affective computing, to further improve the quality of service and user experience.
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